Background: Newly discovered protein arginine methyltransferase 9 (PRMT9) modulates alternative splicing by methylation of SF3B2. Results: Biochemical probes of PRMT9 and its substrate protein revealed domains and residues required for methylation. Conclusion: PRMT9 is unique among PRMTs in its narrow range of methyl-accepting substrates. Significance: Understanding PRMT9 catalysis will help elucidate how it may control the activity of SF3B2 and other potential endogenous substrates. . 3 The abbreviations used are: PRMT, protein arginine methyltransferase; MMA, -N G -monomethylarginine; ADMA, -N G ,N G -asymmetric dimethylarginine; SDMA, -N G ,NЈ G -symmetric dimethylarginine; AdoMet, S-adeno-syl-L-methionine; [methyl-3 H]AdoMet, S-adenosyl-L-[methyl-3 H]methionine; GAR, glycine-and arginine-rich domain of human fibrillarin; MBP, myelin basic protein; OHT, 4-hydroxytamoxifen; OPA, o-phthalaldehyde; MEF, mouse embryo fibroblast; ⌬TPR, GST-PRMT9 mutant missing residues 21-139; ⌬N, GST-PRMT9 mutant missing residues 21-350; ⌬C 529, GST-PRMT9 mutant missing residues 530 -895; ⌬C 350, mutant missing residues 351-895; Bistris, 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol.
Human protein arginine methyltransferase (PRMT) 9 symmetrically dimethylates arginine residues on splicing factor SF3B2 (SAP145) and has been functionally linked to the regulation of alternative splicing of pre-mRNA. Site-directed mutagenesis studies on this enzyme and its substrate had revealed essential unique residues in the double E loop and the importance of the C-terminal duplicated methyltransferase domain. In contrast to what had been observed with other PRMTs and their physiological substrates, a peptide containing the methylatable Arg-508 of SF3B2 was not recognized by PRMT9 in vitro. Although amino acid substitutions of residues surrounding Arg-508 had no great effect on PRMT9 recognition of SF3B2, moving the arginine residue within this sequence abolished methylation. PRMT9 and PRMT5 are the only known mammalian enzymes capable of forming symmetric dimethylarginine (SDMA) residues as type II PRMTs. We demonstrate here that the specificity of these enzymes for their substrates is distinct and not redundant. The loss of PRMT5 activity in mouse embryo fibroblasts results in almost complete loss of SDMA, suggesting that PRMT5 is the primary SDMA-forming enzyme in these cells. PRMT9, with its duplicated methyltransferase domain and conserved sequence in the double E loop, appears to have a unique structure and specificity among PRMTs for methylating SF3B2 and potentially other polypeptides.
Protein arginine methylation is an important post-translational modification in eukaryotic cells catalyzed by the family of PRMTs 3 (1) (2) (3) (4) . Each member of this family contains a con-served core methyltransferase domain, consisting of S-adenosyl-L-methionine (AdoMet)-binding sequences in motif I and post-motif I, and substrate-binding sequences in motif II, postmotif II (including the double E loop), and the THW loop (1) (2) (3) (4) (5) . The mammalian family of PRMTs has been divided into three groups based on their activities. Type I PRMTs (PRMT1-4, PRMT6, and PRMT8) transfer up to two methyl groups on the same terminal guanidino nitrogen of arginine to form -N G -monomethylarginine (MMA) and -N G ,N G -asymmetric dimethylarginine (ADMA) residues. Type II PRMTs (PRMT5 and PRMT9) transfer methyl groups on different terminal guanidino nitrogen atoms to form ⌴⌴〈 and -N G ,NЈ G -symmetric dimethylarginine (SDMA) residues. Finally, type III enzymes transfer only a single methyl group to form MMA residues (PRMT7) (1) (2) (3) (4) (5) (6) (7) (8) . Both histone and non-histone proteins have been identified as PRMT substrates (2, 4 -6, 9) , indicating very diverse and important roles for these arginine-modifying enzymes. For example, dysregulation of PRMT1, the major asymmetric dimethylating enzyme, results in a variety of cancers, including breast, colon, bladder, lung, and various leukemias (5, 10, 11) . Overexpression of other PRMTs (2) (3) (4) (5) (6) (7) (8) has also been linked to cancer development (particularly breast cancer) through increased cellular proliferation, conferred resistance to DNA-damaging agents, and increased cell invasion (3, 5) . The mammalian PRMTs have important roles in transcriptional regulation, signal transduction, nuclear/cytoplasmic shuttling, DNA repair, mRNA splicing, and male germ line gene imprinting (2, 3) .
Although most of the mammalian arginine methyltransferases have been extensively studied, the catalytic activity of PRMT9 was unknown until our recent work identified it as the second SDMA-forming enzyme in mammals (7) . This enzyme should be distinguished from the FBXO11 gene product, previously erroneously termed PRMT9, that is a component of an E3 ubiquitin ligase complex (7, 12) . Biological assays showed that PRMT9 levels are functionally linked to the regulation of alternative splicing, and PRMT9 was thus identified as a modulator of small nuclear ribonucleoprotein maturation (7) . PRMT9 is found in a cellular complex with the splicing factors SF3B2 and SF3B4, also known as SAP145 and SAP49, respectively (7) . PRMT9 catalyzes the formation of MMA and SDMA in SF3B2 but had little or no activity on the common in vitro substrates of other PRMTs, such as polypeptides with glycine-arginine rich repeats (GAR) (7) .
Splicing factor SF3B2 is highly conserved in nature, binds SF3B4 in a tight complex (13, 14) , and has implied functional roles in cell cycle progression (14) . Previous studies have shown that the HIV accessory protein Vpr interferes with the SF3B2-SF3B4 complex as a mechanism to induce G 2 checkpoint arrest and ensure colocalization in nuclear speckles (14) . Because PRMT9 methylates SF3B2 within the highly conserved region that mediates its interaction with Vpr, understanding how SF3B2 is recognized and methylated by PRMT9 might provide a potential anti-HIV role for this enzyme.
PRMT9, like PRMT7, contains an ancestrally duplicated methyltransferase domain (7, 8) . Other PRMTs contain only one methyltransferase domain, which makes this an unusual feature of these two "outlier" PRMTs. Crystallographic studies elucidating the structure of Mus musculus and Caenorhabditis elegans PRMT7 show that AdoMet only binds to the N-terminal domain, and the other methyltransferase domain at the C terminus may have a pseudodimer function (15, 16) , mimicking the homodimer structure required for activity of other PRMTs upon binding their substrate (PRMT1, PRMT3, and PRMT5, and Trypanosoma brucei PRMT7) (15, (17) (18) (19) . Deletion of either domain in PRMT7 abolishes its activity (20) , as do amino acid substitutions in the C-terminal domain (8) , consistent with a role in forming pseudodimers that are necessary for correct substrate binding. In addition, our recent work shows that a full-length PRMT9 is necessary for interaction with SF3B2 (7) . In this study, we aimed to determine whether N-and C-terminal truncations in PRMT9 retain methylation activity on SF3B2 in vitro. In addition, PRMT9 harbors three tetratricopeptide repeats (TPRs), which often mediate protein-protein interactions (21) . We thus wanted to elucidate the functional role of this TPR motif and the two methyltransferase domains.
We are also interested in determining how the specificity of PRMT9 is established, in particular what sets it apart from the other much more promiscuous PRMTs. In the substrate-binding double E loop, there are several residues that are present in the type II (PRMT5 and PRMT9) and type III (PRMT7) enzymes that are not found in the type I enzymes. In particular, the presence of acidic residues in the double E loop of PRMT7 has been shown to play a role in the specificity of this enzyme for methylating arginine residues in RXR sequences in an overall basic sequence context (8) . It is intriguing that PRMT9 has a double E loop sequence similar to PRMT7. We therefore wanted to biochemically characterize this enzyme, probing for the structural features responsible for its type II activity and substrate specificity. We also hoped to use these studies to iden-tify the residues around the methylated arginine in SF3B2 that are critical for its recognition by the methyltransferase.
PRMT5, the only other well characterized symmetrically dimethylating enzyme (4, 22, 23) , has been previously reported to play an important role in spliceosomal U small nuclear ribonucleoprotein maturation (24) . It is therefore interesting that PRMT9, the only other SDMA-generating enzyme as yet discovered, also modifies a protein involved in RNA splicing. In studies reported here, we have now used immunoblotting and amino acid analyses to examine whether the roles of PRMT5 and PRMT9 are redundant in the cell. Importantly, understanding the contribution of PRMT9 to the global cellular levels of SDMA will determine its contribution to SDMA-mediated biological activities.
Experimental Procedures
Phylogenetic Tree Construction and Sequence Alignments of PRMT9 and SF3B2 Orthologs-A protein BLAST search was performed using Homo sapiens PRMT9 (Q6P2P2) and SF3B2 (Q13435) as the query to determine top-ranked orthologs. Protein sequences were aligned using MUSCLE (multiple-sequence comparison by log expectation) in MEGA6 (Molecular Evolutionary Genetics Analysis) software (25) . Phylogenetic trees were generated using the neighbor joining method, and evolutionary distances were determined using p-distance. Sequence alignments for comparison of important regions within each ortholog were done using Clustal Omega Multiple Sequence Alignment software (26) .
Bacterial Protein Expression and Purification-Human PRMT9 cDNA was subcloned into a pGEX-6p-1 vector (GE Healthcare, catalog no. 28-9546-48), as described previously (7) , and expressed as a GST fusion protein in Escherichia coli BL21 Star DE3 cells (Invitrogen, catalog no. C601003), resulting in a fusion protein of the Schistosoma japonicum GST (Uniprot P08515) with a linker sequence SDLEVLFQGPLGS and residues 1-845 of PRMT9 (UniProt Q6P2P2-1). The DNA of the construct was sequenced on both strands to confirm insertion and protein identity. Cells containing the GST-PRMT9 plasmid were grown in 4 liters of LB broth (Difco, catalog no. 244610) with 100 g/ml ampicillin (Fisher, catalog no. BP1760) at 37°C to an OD 600 of 0.6. Induction was performed at 18°C with 0.4 mM isopropyl D-thiogalactopyranoside (Gold Bio, catalog no. I2481C25). After a 19-h induction, the cells were harvested at 5000 ϫ g at 4°C and washed two times with phosphate-buffered saline (PBS, 137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 , pH 7.4). Cells were then either frozen at Ϫ80°C until lysis or immediately resuspended in 16 ml of PBS containing 1 mM phenylmethylsulfonyl fluoride (Sigma, catalog no. P7626) and lysed using an Avestin EmulsiFlex-C3 homogenizer for two cycles at 18,000 p.s.i. (Ottawa, Ontario, Canada). After the lysate was centrifuged at 23,000 ϫ g for 50 min, the supernatant containing GST-PRMT9 was added to 1 ml of a 50% slurry of glutathione-Sepharose 4B resin (GE Healthcare, catalog no. 17-0756-01) and rotated at 4°C for 2 h. The resin was then washed with PBS, and the protein was eluted with 2 ml of 30 mM reduced L-glutathione (Sigma, catalog no. G4251) in 50 mM Tris-HCl, 120 mM NaCl, and 5% glycerol, pH 7.5. The GST-SF3B2(401-550) fragment was generated by subcloning human SF3B2 cDNA into the pGEX-6p-1 vector (7) . GST-SF3B2 401-550-residue wild type and mutant fragments were purified in a similar manner, but protein was expressed using 0.5 mM isopropyl D-thiogalactopyranoside and induced for 18 -20 h, 250 rpm at 18°C. GST-GAR was purified as described previously (27) . Bovine myelin basic protein was purchased from Sigma (M1891, lyophilized powder). Recombinant human histones were purchased from New England Biolabs (histone H2A, catalog no. M2502S; histone H2B, catalog no. M2505S; histone H3.1, catalog no. M2503S; histone H4, catalog no. M2504; Ipswich, MA). Calf thymus histones type IIA-S were purchased from Sigma (catalog no. H7755). Human recombinant FLAGtagged PRMT5/MEP50 was purchased from BPS Bioscience (catalog no. 51045, lot 140131). A His-tagged human myelin basic protein construct on a pET15b-TEV plasmid was a generous gift from Dr. Douglas Juers from Whitman College; protein expression was performed under similar conditions, and the protein was purified using HisPur Cobalt Resin (Thermo Scientific, catalog no. 89964), with washing in 50 mM phosphate buffer containing 10 mM imidazole, pH 7.0, and elution using a 50 mM phosphate buffer containing 150 mM imidazole, pH 7.0. The protein was dialyzed overnight into PBS to remove residual imidazole. Proteins were quantified using a Lowry assay after precipitation using 10% trichloroacetic acid, using bovine serum albumin as a standard.
Mutagenesis-PRMT9 was mutated to create a catalytically inactive enzyme by introducing quadruple mutations (L182A/ D183A/I184A/G185A) in the conserved AdoMet-binding motif I in both the GST-PRMT9 plasmid described above and in the GFP-PRMT9 plasmid described previously (7) . Truncation mutants and double E loop mutants were created on the GST-PRMT9 wild type plasmid using the mutagenized primers listed in Table 1 . Double E loop mutants consisted of mutating residues Asp-258 to Gly (D258G) and Gly-260 to Glu (G260E). Truncation mutants for GST-PRMT9 were created using mutagenized primers to remove the indicated amino acids from the plasmid as follows: ⌬TPR (residues 21-139), ⌬N (residues 21-350), ⌬C 529 (stop codons were placed upstream of the C-terminal domain, at positions 529 and 530), and ⌬C 350 (stop codons were placed upstream of the C-terminal domain at positions 350 and 351). SF3B2 mutants were created on the GST-SF3B2 401-550 fragment wild type plasmid, using mutagenized primers listed in Table 1 . Mutants included K507A/K509A (-FARAY-), K507R/K509R (-FRRRY-), K507R/R508K/K509R (-FRKRY-), K507R/R508K (-FRKKY-), and F506A/Y510A (-AKRKA-). The GST mutant constructs were transformed into BL21 DE3 E. coli cells for expression as described above. GFP mutant constructs were transfected into HEK293 cells as described below. Mutagenesis was performed with PCRs set up according to the QuikChange XL site-directed mutagenesis kit (Agilent Technologies Inc., catalog no. 200521), using 50 ng of the appropriate wild type plasmid template, 125 ng of each forward and reverse primer as shown in Table 1 , and 1 l of PfuUltra HF DNA polymerase (2.5 units/l). The PCR was run at 95°C for 1 min, 18 cycles of 95°C for 50 s, 60°C for 50 s, and 65°C for 3 min, followed by a final extension at 68°C for 7 min. Following PCR, 1 l of DpnI enzyme was added to the reaction and incubated at 37°C for 1 h to digest the parental supercoiled dsDNA. Mutated plasmids were transformed into XL10-Gold Ultracompetent cells (200315, Agilent Technologies, Inc.) and plated onto LB plates with ampicillin (100 g/ml) for GST-PRMT9 mutants and GST-SF3B2 mutants or kanamycin (30 g/ml) (Fisher, catalog no. BP906) for GFP-PRMT9. DNA sequencing on both strands confirmed the mutations in positive colonies (GeneWiz, San Diego).
Generation of a Stable Cell Line Expressing Wild Type and Mutant GFP-PRMT9 -Wild type and mutant GFP-PRMT9 on plasmid pEGFP-N1 (7) were transfected into HEK293 Flp-In TREx cells (Invitrogen, catalog no. R780-07). Approximately 1 g of wild type or mutant plasmid DNA was incubated with 50 l of Opti-MEM (Gibco, Invitrogen, catalog no. 31985062) for 5 min and then added to a solution containing 50 l of Opti-MEM and 20 l of FuGENE 6 transfection reagent (Promega, catalog no. E2691). The transfection solution was incubated for 20 min and added to the center of a 6-cm plate containing HEK293 cells in F-12/DMEM (1:1) (HyClone, Thermo Scientific, catalog no. SH30023.02), 10% fetal bovine serum (Tettested FBS, Gibco, catalog no. 16000), and 1% penicillin/streptomycin (Invitrogen, catalog no. 15140-122). Plates were incubated at 37°C, 5% CO 2 for 4 days until the cells were about 80% confluent. At that time, 400 g/ml geneticin (G418, Invitrogen, catalog no. 11811023) was added, and selection was monitored for 2 weeks. Cells positive for GFP-PRMT9 were confirmed by their ability to form colonies, their fluorescence, and by immunoblotting using an antibody to GFP (anti-rabbit GFP, Abcam).
Immunoprecipitation from HEK293 Cells Expressing GFP-PRMT9 -Stable cell lines containing wild type and mutant GFP-PRMT9 DNA were grown to confluence in 1-liter roller bottles with DMEM, 10% Tet-tested FBS, and 1% penicillin/ streptomycin. Cells were harvested and washed once with PBS. 220 g of anti-rabbit GFP antibody (Abcam) was cross-linked to protein A beads (catalog no.156-0006, Bio-Rad) with 0.22 M dimethyl pimelimidate-HCl (Thermo Scientific, catalog no.21667) in 0.2 M sodium borate, pH 9.0. Beads were washed with 0.2 M ethanolamine and 0.2 M NaCl, pH 8.5, to inactivate residual cross-linker. Cells were lysed with LAP300 buffer (50 mM potassium HEPES, pH 7.4, 300 mM KCl, 1 mM EGTA, 1 mM MgCl 2 , 10% glycerol, 0.3% Nonidet P-40) and protease inhibitor mixture (cOmplete, Roche Applied Science, catalog no.11697498001). The lysate was centrifuged at 28,400 ϫ g for 10 min at 4°C. The supernatant was then spun at 100,000 ϫ g for 1 h at 4°C, and this supernatant was collected and added to 0.4 ml of a 50% slurry of the GFP-protein A beads prepared as described above and equilibrated in LAP200 buffer (same as the LAP300 buffer described above but with 200 mM KCl). After incubation for 1 h at 4°C, the beads were washed three times with LAP200 and stored in LAP100 buffer (100 mM KCl) at 4°C.
Immunofluorescence and Localization of GFP-PRMT9 Wild Type and Mutant-Stable cell lines containing wild type and mutant GFP-PRMT9 in HEK293 cells were grown to confluency at 37°C, 5% CO 2 on a poly-L-lysine-coated coverslip (BD Biosciences, catalog no. 354085) in a 24-well plate. After reaching confluency, cells were fixed using BRB80 buffer (0.4 M PIPES, 5 mM MgCl 2 , and 5 mM EGTA, pH 6.8) with 4% paraformaldehyde (Electron Microscopy Science, catalog no. 15710). Cells were washed with PBS and permeabilized using 0.2% Triton X-100 for 1 min. Coverslips were then transferred to a moisture chamber and incubated for 30 min at room temperature with immunofluorescence (IF) buffer (PBS containing 5% fish gelatin (Sigma, G7765) and 0.1% Triton X-100). Antibodies were diluted in IF buffer and incubated for 1 h at room temperature. Antibodies used include anti-GFP (rabbit, 1:500) (Abcam) and Hoechst dye 33342 (1:1000) (Invitrogen, catalog no. H1399). Secondary donkey anti-rabbit fluorescein isothiocyanate (FITC) antibody (AffiniPure, Jackson ImmunoResearch, catalog no. 711-095-152) was also diluted (1:500) in IF buffer and incubated at room temperature for 30 min. Coverslips were then washed once with PBS, and 200 l of anti-fade mounting solution (ProLong gold antifade mounting solution, Invitrogen, catalog no. P36934) was placed on the coverslips and sealed with clear nail polish. Cells were imaged at ϫ1000 magnification using a Leica TCS SPE I DMI4000 B inverted scanning confocal microscope with a Leica DFC360FX digital camera. Fixed cells on coverslips were kept at 25°C during imaging. Images were acquired using Leica AF6000 software and analyzed using Fiji ImageJ software (National Institutes of Health).
LC-MS/MS to Identify Substrates and Interaction Partners-Immunoprecipitated GFP-PRMT9 wild type and catalytic mutant samples were sent to the Birmingham Proteomics and Mass Spectrometry Consortium, University of Alabama at Birmingham, for protein identification. Data were received as summary of protein peptide hits, among which were sorted for the top protein peptide hits identified and used in this study.
Amino Acid Analysis of Substrates Using High Resolution Cation Exchange Chromatography-In vitro methylation reactions included the indicated amount of enzyme and substrate proteins and 0.7 M S-adenosyl-L-[methyl-3 H]methionine ([methyl-3 H]AdoMet; PerkinElmer Life Sciences, 75-85 Ci/mmol, 0.55 mCi/ml in 10 mM H 2 SO 4 /EtOH (9:1, v/v)) in a total volume of 60 l. The reactions were performed at 37°C in 50 mM potassium HEPES, 10 mM NaCl, and 1 mM DTT, pH 8.0. Reactions were stopped by adding trichloroacetic acid to 12.5% with 20 g of the carrier protein bovine serum albumin. Acid hydrolysis and high resolution cation exchange chromatography were then performed as described previously (7) . For ninhydrin assay, 50 l of each fraction from the cation exchange column was used to determine the elution of nonradiolabeled standards, and the rest of the fraction (950 l) was used for liquid scintillation counting. The efficiency of counting was determined to be about 51%. Under these conditions, about 90 cpm correspond to 1 fmol of radiolabeled methyl groups.
Detection of Methylated Substrates after SDS-PAGE-Methylation reactions were set up as described above for the amino acid analysis, but the reactions were quenched by the addition of SDS loading buffer. Reactions were then boiled for 5 min at 100°C and separated on 12.6% Tris-glycine gels or 4 -12% Bistris gel (NuPAGE Novex, Invitrogen, NP0335BOX), stained FIGURE 1. Evolutionary conservation of PRMT9 and SF3B2. A and C, representative phylogenetic trees based on human PRMT9 (Q6P2P2) (A) and human SF3B2 (Q13435) (C) are shown for the selected organisms. UniProt IDs of top ranked orthologs with their respective E value are shown. The percentage of replicate trees in which the specific associated taxa clustered together in 500 replicates of the boot strap test is shown next to the branches. Evolutionary distances are displayed in units of the number of amino acid differences per site. All proteins were mutual best hits, and all organisms have complete genomes sequenced. Based on groupings in the phylogenetic tree, proteins were identified as "PRMT9 orthologs," "type I-like," "other proteins," and "PRMT7-like." B, sequence alignment of post-motif II; double E loop and THW loop residues, the two major distinguishing motifs found in PRMTs. Shaded letters indicate sequence identity. Double E loop residues and THW loop residues are boxed in red. D, sequence alignment of amino acids surrounding the Arg-508 site that is methylated by PRMT9. Shaded letters indicates sequence identity, using the same species, order and UniProt IDs as indicated in C. The Arg-508 methylation site indicated in red and an arrow.
with Coomassie Blue for 1 h, and destained overnight. After destaining, the gel was treated with autoradiography enhancing buffer (EN 3 HANCE, PerkinElmer Life Sciences, catalog no. 6NE9701) and vacuum dried. The dried gel was then exposed to autoradiography film (Denville Scientific, catalog no. E3012) at Ϫ80°C for the indicated amount of time. For radioactive gel slice assay, gels were prepared, enhanced, and dried as described above, but the dried gel band was cut and submerged in 30% H 2 O 2 for 24 h at 37°C in a scintillation vial to solubilize. After incubation, 10 ml of Safety-Solve scintillation mixture (Research Products International, catalog no. 111177) was added to the vial, which was then counted for three 5-min cycles on a Beckman LS6500 liquid scintillation instrument. As described above, the specific activity of the label was about 90 cpm/fmol.
Generation of a PRMT5 Inducible Knock-out Cell Line-PRMT5 floxed mice were crossed with ER-Cre mice to generate Prmt5 F/F ER embryos and subsequently mouse embryonic fibroblasts (MEFs), as described previously (28) . The MEFs, kindly provided by Drs. Marco Bezzi and Ernesto Guccione, were immortalized by maintaining cells on a 3T3 culture protocol in which 10 6 cells were passed onto gelatinized 10-cm dishes every 3 days. Amino Acid Analysis of Protein Hydrolysates and Quantification of SDMA-Approximately 40 mg of wet weight MEFs and 100 l of 6 N HCl were added to a 6 ϫ 50-mm glass tube and acid-hydrolyzed in vacuo as described above. After hydrolysis, the lysates were vacuum dried and resuspended in 100 l of water and centrifuged at maximum speed (20,000 ϫ g) for 10 min to remove debris. 75 l was added to 250 l of citrate loading buffer (0.2 M Na ϩ , pH 2.2), and amino acids were sep-arated using the high resolution cation exchange chromatography method described above. Individual fractions collected with the known elution positions of ADMA, SDMA, MMA, and arginine were further derivatized using OPA for fluorescence detection and quantification using separation on a reverse phase HPLC (HP 1090 II liquid chromatograph coupled to a Gilson model 121 fluorometer with excitation filter of 305-395 nm and emission filter of 430 -470 nm, with a setting of 0.001 relative fluorescence units), as described previously (29) . An Agilent ZORBAX Eclipse AAA (analytical, 5 m, 4.6-mm inner diameter, 150 mm in length) reverse phase column was used with 25-l sample injection volumes at 32°C and a flow rate of 1.7 ml/min. Solvent A consisted of 50 mM sodium acetate, pH 7.0, and solvent B of 100% methanol. The HPLC gradient used to separate the methylated OPA derivatives included a shallow gradient from 23 to 31.5% B for 20 min, a 5-min hold at 95% B, and a 14-min hold at 23% B. Because fractions containing arginine OPA derivatives commonly overloaded the detector, dilutions were made in the eluting buffer of the cation exchange column (sodium citrate, pH 5.25). The elution positions of methylated arginine derivatives were confirmed by comparison with standards. To quantify the data, the area under the curve for each amino acid peak of interest was determined using Excel by integration and area of summation by trapezoids. The total amount of each modification was calculated by summing the area of each cation exchange fraction that had the methylated amino acid present. Each replicate was normalized to cellular levels of arginine.
Results
Human PRMT9 and SF3B2 (SAP145) Are Evolutionarily Conserved among Vertebrates and Invertebrates-A BLAST search was used to identify homologs of human PRMT9 and SF3B2 in vertebrates, invertebrates, plants, and fungi. The sequences were aligned using MUSCLE, and a phylogenetic tree was assembled to show the conservation across various species (Fig. 1, A and C) . Alignment of the post-motif II substrate-binding double E loop shows a clear conservation of the acidic residue Asp-258 and Gly-260 across all PRMT9 orthologs ( Fig. 1B) . Divergent sequences included PRMT7-like sequences in plants and invertebrates ( Fig. 1B) . Alignment of the THW loop also shows conservation of a cysteine residue in was reacted with 2 g of wild type and catalytic mutant GST-PRMT9 enzyme. After TCA precipitation and acid hydrolysis, 1 mol of ADMA, SDMA, and MMA standards were added, and amino acid analysis was carried out as described under "Experimental Procedures." The dotted black line indicates the ninhydrin absorbance at 570 nm for the elution of the nonradiolabeled standards. The red line indicates the elution of radioactive methylated amino acids from the reaction of the wild type enzyme with substrate, and the blue line indicates the elution of radioactive methylated amino acids from the methylation reaction of the catalytic mutant enzyme with the substrate. Radioactivity is given as the average of three counting cycles on a liquid scintillation counter. Because of the tritium isotope effect, radioactive methylated amino acids elute about 1 min prior to the nonisotopically labeled standards (45) . B, amino acid analysis of methylation reactions of a more active mammalian-expressed GFP-PRMT9, with GST-GAR (left) and GST-SF3B2 401-550-residue fragment (right) after a 20-h reaction, using the same reaction conditions described in A. Approximately 5 g of GST-GAR and GST-SF3B2 401-550-residue fragment were used in methylation reactions with 1 g of GFP-PRMT9 wild type or catalytic mutant. The red line indicates the elution of radioactive methylated amino acids from the reaction of the wild type GFP-PRMT9 enzyme with the substrate. The blue line indicates the elution of the radioactive methylated amino acids from the reaction of the catalytic mutant GFP-PRMT9 enzyme with the substrate. The green and orange lines indicate the wild type and mutant enzyme only controls, respectively, showing any radioactivity due to background contamination in the GFP-PRMT9 enzymatic preparations. C, amino acid analysis of methylation reactions of 1 g of GFP-PRMT9 wild type or catalytic mutant with 5 g of calf thymus histones (left) after 20 h, using the same reaction conditions described above. Right panel is an expanded view of the radioactivity scale to show residual activity with the control reactions. D, amino acid analysis of methylation reactions of 1 g of GFP-PRMT9 wild type or catalytic mutant preparations with 10 g of bovine-purified MBP after 1 h (left panel), using the same reaction conditions described above. Right panel shows an expanded view of the radioactivity scale to show residual activity of the control reaction with the catalytic mutant. JULY 3, 2015 • VOLUME 290 • NUMBER 27
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place of a histidine residue that is found in other types of PRMTs (Fig. 1B) . Interestingly, the only other mammalian PRMT with a non-histidine residue at this position is PRMT5 (serine); the presence of smaller residues at this site has been suggested to correlate with the ability of PRMT5 and PRMT9 to form SDMA (4).
In our previous work, we identified Arg-508 on SF3B2 to be the target methylation site for PRMT9 (7) . Analysis of the sequence surrounding Arg-508 of SF3B2 shows a strict conservation of this residue and the surrounding residues in vertebrates, invertebrates, plants, and fungi (Fig. 1D) . The Lys-507 and Lys-509 residues are conserved in almost all species (Fig. 1D) , with the exception of Schizosaccharomyces pombe, where the second lysine is replaced with an aspartate. Aromatic residues of Phe-506 and Tyr-510 are also well conserved, with differences found in the plants. Interestingly, the chicken Gallus gallus contains a PRMT9 ortholog, but an ortholog of SF3B2 does not appear to exist. In addition, Nematostella vectensis (a sea anemone) contains a PRMT9 ortholog, but this gene seems to have been lost in other species of the same phyla. In addition, organisms such as the fungi Aspergillus nidulans and the bacterium Rhizobium leguminarosum contain an SF3B2 ortholog but do not appear to have an ortholog of PRMT9, suggesting the enzyme plays a role unique to higher eukaryotes. The nematode C. elegans PRMT-3 protein (UniProt O02325 in Fig.  1A) is noteworthy because it is most closely related to PRMT9 (30) , yet published studies show that it generates only MMA (31) .
PRMT9 Is Poorly Active on Bona Fide PRMT Substrates-Most PRMTs are able to efficiently methylate a variety of substrate proteins; PRMT1 and PRMT5 have very broad substrate specificity, whereas PRMT4, PRMT6, and PRMT8 have a more limited specificity but still methylate a variety of substrates (2) . We thus tested whether recombinant PRMT9 can methylate the common substrates of these other PRMTs, including a recombinant GST fusion of the N-terminal glycine and argi nine-rich region of fibrillarin (GST-GAR) that is recognized by PRMT1, PRMT3, and PRMT5-7 (2, 3, 8, 27, 32) . In contrast to other PRMTs, we found that PRMT9 poorly methylates GST-GAR, as shown by amino acid analysis, with only a small radioactive MMA peak formed ( Fig. 2A, left panel) . Not surprisingly, PRMT9 is highly active on its biological substrate as the GST-SF3B2 401-550-residue fragment ( Fig. 2A, right panel) , producing both MMA (100-fold higher than GST-GAR) as well as SDMA products. A more active preparation of mammalianexpressed PRMT9 (GFP-PRMT9) proved to have enhanced methyltransferase activity on GST-GAR ( Fig. 2B, left panel) and GST-SF3B2 ( Fig. 2B, right panel) , where both MMA (20-fold higher with GST-SF3B2 than that seen with GST-GAR) and SDMA were formed. Calf thymus histones were weakly methylated by the GFP-PRMT9 enzyme (MMA and some SDMA, Fig. 2C) but not to the level seen with SF3B2. MBP could not be methylated by PRMT9, as no activity was seen above that observed in the catalytic mutant (Fig. 2D) . Here, the catalytically inactive GFP-PRMT9 was used as a control to rule out the possibility of another PRMT contaminant coimmunoprecipitating with the mammalian-expressed enzyme. We conclude that PRMT9 has little to no activity on the broadly methylated known substrates of the other mammalian PRMTs, and it appears to be relatively specific for the splicing factor SF3B2.
Mammalian-expressed PRMT9 Copurifies with Its Methylation Substrate SF3B2 and Is Localized to the Cell Cytoplasm-Mass spectrometry analysis of tryptic peptides was done on the immunoprecipitated wild type and catalytically inactive GFP-PRMT9 expressed in neuronally derived HEK293 cells (33) for protein identification of other possible binding partners and/or substrates. We previously showed that tandem affinity purification-tagged PRMT9 expressed in cervically derived HeLa cells was associated with SF3B2 and SF3B4 (7), and we sought to confirm this interaction with a different cell type. In HEK293 cells, wild type PRMT9 was associated with several proteins commonly brought down during the purification process but most interestingly brought down SF3B2 (SAP145) and SF3B4 (SAP49) as the top hits (Fig. 3A) . Mass spectrometry analysis on the catalytic mutant GFP-PRMT9 did not identify any SF3B2 or SF3B4 peptides (data not shown), possibly suggesting that the binding of AdoMet is a prerequisite for complex formation or substrate binding. Immunofluorescence of wild type and mutant PRMT9 confirms the protein is primarily found in the cytoplasm, with some possible nuclear localization (Fig. 3B, top  panels) . Tissue-based mapping of the human proteome (34) confirms this localization, perhaps suggesting that variation of localization and expression is based on the cell type. The GFP-PRMT9 mutant protein was expressed in much lower FIGURE 3 . Interaction partner identification, localization, and activity characterization of mammalian expressed PRMT9. Mammalian expressed wild type and catalytic mutant GFP-PRMT9 constructs were immunoprecipitated from HEK293 cells as described under "Experimental Procedures." A, LC-MS/MS analysis was done on immunoprecipitated wild type and catalytic mutant GFP-PRMT9 samples to identify possible substrates and interaction partners. Identified peptide hits with greater than five peptide matches are listed (with the exception of SF3B4 with two peptide hits but was important for our analysis) for the wild type enzyme preparation, along with their UniProt ID and number, molecular weight, and the exact number of peptide hits. Catalytic mutant GFP-PRMT9 had similar peptide matches (data not shown), with the exception of the two splicing factors SF3B2 and SF3B4 identified in the wild type preparation were not identified with the mutant sample. B, immunofluorescence experiments to determine the intracellular localization of the wild type and catalytic mutant GFP-PRMT9 samples. Immunofluorescence was performed in HEK293 cells using anti-GFP antibody at 1:500 dilution. The scale bar indicates 5 m. C, amino acid analysis (described under "Experimental Procedures" (7)) of methylation reactions with GFP-PRMT9 wild type or catalytic mutant enzymes and GST-SF3B2 401-550-residue fragment after 1 h at 37°C. 7)) using bacterially expressed GST-PRMT9 with GST-SF3B2 401-550-residue wild type fragment. Methylation reaction consisted of 2 g of enzyme (wild type or catalytic mutant), 5 g of GST-SF3B2 401-550-residue fragment, 0.7 M [methyl-3 H]AdoMet, and methylation reaction buffer of 50 mM HEPES, 10 mM NaCl, 1 mM DTT, pH 8.0, at 37°C for 1 h. The dashed black line indicates the ninhydrin absorbance at 570 nm for the elution of the nonradiolabeled standards. Solid lines indicate the elution of the radioactive methylated amino acids after the reaction of the enzyme with the substrate (red, wild type GST-PRMT9, and blue, catalytic mutant GST-PRMT9). Green and orange lines indicate the wild type and catalytic mutant enzyme only controls, respectively. The purple line indicates substrate only control. B, autoradiography of 3 H-methylated GST-SF3B2 401-550-residue fragment with wild type or catalytic mutant GST-PRMT9. Reactions were prepared as described in A for 1 h, and autoradiography was prepared as described above under "Experimental Procedures." The dried gel was then exposed to autoradiography film (Denville Scientific, E3012) for 7 days at Ϫ80°C. BenchMark Protein Ladder (Invitrogen, catalog no. 10747-012) was used, with ϳ0.5 g of each standard is shown. The identity of a nonspecific radiolabeled band shown at 16 kDa is unknown, but its formation is not dependent upon an active PRMT9 enzyme. amounts (Fig. 3B, bottom panels) , suggesting it may not be as stable as the wild type fusion protein. These localization studies suggest that PRMT9 methylates its substrate primarily in the cytoplasm, before SF3B2 is shuttled to the nucleus to participate in splicing. Amino acid analysis of GFP-PRMT9 with the bacterially expressed GST-SF3B2 fragment containing the methylation site (7) shows great methylation activity after only 1 h (Fig. 3C) , with the controls of mutant enzyme, enzymes alone, or substrate alone showing negligible activity.
Our previous work has shown the site of PRMT9 methylation on SF3B2 is at Arg-508 (7) . To study the effect of residues adjacent to Arg-508 on the methyltransferase activity of PRMT9, a synthetic peptide containing the SF3B2 sequence of residues 504 -512 WCFKRKYLQ was generated (GenScript) and tested as a methyl-acceptor for PRMT9. Surprisingly, both GFP-PRMT9 (data not shown) and an even more active insect-expressed HA-tagged PRMT9 showed no activity above the enzyme only control (Fig. 3D ). Other peptides derived from histone H2B and H4 residues and their mutants (H2B(23-37), H4(1-21), and H4(14 -22) (6, 8)) containing a similar KRK sequence found in SF3B2 were also tested, and again no methylation activity was detected (data not shown). These results suggest that a specific conformation of the protein around the methylated arginine residue is required for PRMT9 methylation.
Bacterially Expressed GST-PRMT9 SDMA Forming Activity on Splicing Factor SF3B2-Because mammalian-expressed enzymes may be contaminated with endogenous PRMT family members, and because it is generally accepted that no PRMT activity has been observed in E. coli and other eubacteria (35) (36) (37) , we bacterially expressed the GST-PRMT9 enzyme to further test for methylation activity. Using the GST-SF3B2 401-550-residue fragment fusion protein as a substrate in in vitro reaction mixtures with [methyl-3 H]AdoMet, we showed the formation of MMA and SDMA products by amino acid analysis ( Fig. 4A ) and the strong methylation of the polypeptide with the wild type enzyme but not with the catalytic mutant (Fig. 4, A  and B) . These results further validate SF3B2 as the biological substrate, because such activity with other substrates is not seen with the GST recombinant enzyme ( Fig. 2A, left panel, and data not shown).
To study the effects of active site mutations on the GST-PRMT9 enzyme, we optimized reaction conditions to deter- JULY 3, 2015 • VOLUME 290 • NUMBER 27 mine the best conditions for methylation and also determine the amount of time needed to attain linear product formation. At 37°C, enzyme activity was linear for 8 h, although at 18°C it was linear for 12 h. In contrast to the PRMT7 enzyme (8), the activity was found to be ϳ4-fold higher at 37°C than at 18°C. Analysis of enzyme activity over the range of 4 -42°C demonstrated maximal activity at 37°C (Fig. 5B) . Using a variety of buffers, we found optimal activity at pH values between 7.5 and 8.0, although significant activity was detected from pH 6.0 to 9.0 ( Fig. 5C ).
Specificity of Mammalian PRMT9
Substrate-binding Double E Loop Residues Play an Important Role in Coordinating the Substrate Arginine-PRMTs contain a signature "double E loop" post-motif II, in which two glutamate residues that bind the methylatable arginine residue of the substrate protein are separated by eight residues (EX 8 E (2)). Sequence alignment of these residues in the nine human PRMTs shows several conserved residues (Fig. 6A ). Type I PRMTs (PRMT1-4, PRMT6, and PRMT8) all contain signature WMG or PMG sequences in positions 2-4, where the type II (PRMT5 and PRMT9) and type III (PRMT7) enzymes contain distinct sequences. PRMT7 and PRMT9 each contain an acidic Asp residue at position 4; PRMT7 has an additional acidic residue at position 6, although PRMT9 has a Gly residue there. The acidic residues at positions 4 and 6 have been shown to have an important role in substrate recognition for human PRMT7 (8) . The predicted structure of the PRMT9 double E loop using Phyre2.0 modeling (38) shows the relative positions of the glutamate residues (residues 255 and 264) responsible for binding the substrate arginine. In this model, the carboxylate group of the position 4 Asp-258 points away from the substrate arginine, possibly to coordinate the binding of one or both of the two lysine residues adjacent to the methylated arginine in the FKRKY sequence of SF3B2 (Fig. 6B) . The crystal structure of mouse PRMT7 (Fig. 6C) (16) shows a similar positioning of the corresponding residues, with both the position 4 Asp-147 and position 6 Glu-149 carboxyl groups also pointing away from the methylated arginine; this could account for the substrate specificity requirement of PRMT7 for an RXR motif (6) . In addition, the crystal structure of human PRMT5 shows the position of the side chain of Phe-440, corresponding to Glu-149 in PRMT7 and Gly-260 in PRMT9, pointing away from the position of the methylated arginine ( Fig. 6D) (39) . These crystallographic and predicted structures led us to further probe these residues as being responsible for PRMT9's substrate specificity for the -FKRKY-sequence within the protein structure of SF3B2.
Site-directed Mutagenesis of Acidic Residue in PRMT9 Double E Loop Abolishes Recognition and Methylation of SF3B2-In probing for the residues responsible for PRMT9 substrate specificity, site-directed mutagenesis was done on residues in the double E loop described above and in Fig. 6 . Asp-258 was mutated to Gly (D258G) to mimic type I enzymes, and Gly-260 was mutated to Glu (G260E) to mimic PRMT7. In vitro methylation reactions consisting of wild type, catalytic mutant, and mutants D258G and G260E were set up with GST-SF3B2 401-550-residue wild type fragment and recombinant histone H2B and analyzed by SDS-PAGE and autoradiography (Fig. 7) . We found that PRMT9 lost all activity for SF3B2 when Asp-258 and Gly-260 were mutated, suggesting the importance of these residues in coordinating and binding of the substrate for methylation. In vitro methylation reactions with recombinant histone H2B, a good PRMT7 protein substrate due to its basic RXR sequences (6, 8) , was also not recognized or methylated by either wild type enzyme or the D258G or G260E mutants. These results suggest that the local environment in the double E loop is crucial for catalysis.
Importance of PRMT9 Domains for Enzymatic Activity-
Human PRMT9 contains three TPR motifs (residues 25-134) and two ancestrally duplicated methyltransferase domains (residues 135-530 and 531-895). This domain structure is unusual among the PRMT family, as no other PRMT contains a TPR motif, and only PRMT7 has a second methyltransferase domain. Several deletion constructs were made, in which the TPR motif was missing (⌬TPR), the N terminus was missing (⌬N; missing residues 21-350), and two C-terminal mutants ("⌬C 350," missing residues 351-895, and "⌬C 529," missing residues 530 -895). These mutant enzymes were tested for enzymatic activity in in vitro methylation reactions by amino acid analysis (Fig. 8A) . No activity was observed with any of the mutants after 16.5 h of incubation, a condition designed to detect any small amounts of product formation. Incubating the N-and C-terminal deletion constructs together did not result in enzyme activity (Fig. 8A ). To rule out the possibility of degradation of the enzymes during the longer methylation reaction time, the reactions were set up in duplicate and incubated for 1 h, separated by SDS-PAGE, and subjected to autoradiography (Fig. 8B) . Again, no activity was seen with the truncation mutants, suggesting that the intact, full-length PRMT9 protein is necessary for methylation activity.
Residues Surrounding the Arg-508 Methylation Site and the Position of the Methylated Arginine Are Important for Methyltransferase Activity-Because a synthetic peptide corresponding to the methylated region on SF3B2 could not be methylated by PRMT9 (Fig. 3D) , the GST-SF3B2 401-550-residue wild type fragment was mutated to probe for the importance of the residues surrounding the Arg-508 site (-FKRKY-) using the more active GFP-PRMT9 enzyme (Fig. 9 ). The two flanking Lys residues were mutated to either Ala or Arg (Fig. 9, B and C) . The Fig. 6 . Asp-258 was mutated to Gly to mimic type I enzymes, and Gly-260 was mutated to Glu to mimic PRMT7. The mutants were sequenced on both strands to confirm the mutation and bacterially expressed and purified as described under "Experimental Procedures." Methylation reactions were prepared using two PRMT substrates, PRMT9 substrate GST-SF3B2 401-550-residue wild type fragment (5 g) purified as described under "Experimental Procedures" and PRMT7 protein substrate recombinant histone H2B (5 g) purchased from New England Biolabs. Approximately 2 g of enzyme (GST-PRMT9 wild type, catalytic mutant, D258G, or G260E) were added to the reaction with the indicated amount of substrate, along with 0.7 M [methyl-3 H]AdoMet and methylation reaction buffer of 50 mM HEPES, 10 mM NaCl, 1 mM DTT, pH 8.0 at 37°C for 1.5 h. Reactions were quenched by the addition of SDS loading buffer, run on 4 -12% Bistris gel for SDS-PAGE, and dried as described under "Experimental Procedures." The dried gel was exposed to autoradiography film for 21 days at Ϫ80°C. Molecular mass positions are indicated from 2 g of unstained SDS-PAGE broad range markers (Bio-Rad, catalog no. 161-0317) electrophoresed in parallel lanes. JULY 3, 2015 • VOLUME 290 • NUMBER 27 JOURNAL OF BIOLOGICAL CHEMISTRY 16735 strates for PRMT9 with moderately diminished formation of MMA but a greatly reduced formation of SDMA (Fig. 9, B and  C) . We next probed for the importance of the position of the methylatable arginine residue in the -FKRKY-sequence by moving its position upstream or downstream by one residue. An -FRKRY-protein was generated with the lysine and arginine residues switched, which resulted in an ϳ200-fold loss of MMA production and the complete loss of SDMA production (Fig.  9D ). When only one arginine residue was present at the Ϫ1 position (-FRKKY-), we detected less than 0.3% of the activity with the wild type -FKRKY-sequence (Fig. 9E) . These results suggest the importance of the position of the methylated arginine residue in the protein.
Specificity of Mammalian PRMT9
In additional experiments, we mutated the two aromatic residues Phe-506 and Tyr-510 to Ala to look at the importance of stacking or aromaticity in the binding of the substrate. Interestingly, the mutant construct -AKRKA-had a similar methyl-accepting activity as the wild type -FKRKY-protein ( Fig. 9A ). To confirm these results, we analyzed the polypeptides methylated after SDS-PAGE and autoradiography using the bacterially expressed GST-tagged PRMT9 enzyme (Fig. 9G) . No methylation was observed with the GST-SF3B2 fragment protein in the mutants where the arginine residue was moved, although full activity was seen in the -AKRKA-mutant and partial activity in the -FARAY-and -FRRRY-proteins, consistent with the results obtained in Fig. 9 , A-F, by amino acid analysis with the GFP-tagged enzyme.
Relative Contribution of the Type II PRMTs (5 and 9) in Mouse Embryo Fibroblasts-PRMT5 and PRMT9 are the only type II SDMA-forming enzymes known in mammals. We were thus interested in the relative roles of these two enzymes in total SDMA production. Using mouse embryo fibroblasts constructed so that PRMT5 expression could be turned off by induction with OHT, we analyzed proteins by immunoblotting with anti-PRMT5, anti-SDMA, anti-MMA, anti-ADMA, and anti-actin antibodies (Fig. 10A ). We were able to reduce the PRMT5 protein to undetectable levels. There was little or no change in immunoreactivity to antibodies against ADMA and some loss of reactivity to antibodies against MMA. However, we found almost all of the immunoreactivity to the anti-SDMA BL8243 antibody, and most of that to the anti-SDMA BL8244 antibody, was lost in cells lacking PRMT5 (Fig. 10A) . Significantly, an immunoreactive band with the anti-SDMA BL8244 antibody was seen at 145 kDa, which corresponds to the full-length form of the SF3B2 protein. This band is still present when PRMT5 is lost, suggesting it represents a product of PRMT9. Interestingly, there are also other bands that are immunoreactive with the anti-SDMA BL8244 antibody when PRMT5 is lost, particularly a major band found at 30 kDa in addition to other minor bands, which may indicate there are other cellular PRMT9 substrates that have yet to be discovered.
We also analyzed the total content of SDMA, ADMA, and MMA in these cells by quantitating fluorescent OPA amino acid derivatives after acid hydrolysis (Fig. 10, B and C) . Wild type and PRMT5 knock-out lysates were acid-hydrolyzed and separated using cation exchange chromatography and then further derivatized using OPA. Analysis of the wild type sample shows the presence of ADMA and SDMA peaks after derivatization (Fig 10B, top left panel) . Quantification of MMA and arginine levels were also done; arginine levels were used to normalize the content of MMA, SDMA, and ADMA (Fig 10, B , top right panel, and C) (29) . When this analysis was repeated for the PRMT5-deficient cells, SDMA was not detected, although the levels of MMA and ADMA were similar to those of wild type cells ( Fig. 10, B, lower panels, and C) . These results indicate that the bulk of SDMA formation in mouse embryo fibroblasts is catalyzed by PRMT5 and that PRMT9 is responsible for only a small percentage of SDMA production.
Methylation of Splicing Factor SF3B2 and Myelin Basic Protein by PRMT9 and PRMT5-Finally, we wanted to determine how much cross-reactivity there may be between PRMT9 and PRMT5 with their major substrates SF3B2 and myelin basic protein, respectively. We incubated these enzymes with each of the substrates and [methyl-3 H]AdoMet under conditions to ensure that methylation was in the linear range and detected SDMA and MMA formation by amino acid analysis (Fig. 11 ). We found PRMT5 formed over 10 times more SDMA product with myelin basic protein than with SF3B2 ( Fig 11, A and B) . Under the same conditions, however, PRMT9 formed 40 times more SDMA with the SF3B2 401-550-residue wild type fragment as a substrate compared with myelin basic protein (Fig.  11, C and D) . These results, combined with those shown in Fig.  10 , indicate that PRMT5 and PRMT9 are unlikely to play redundant roles in the cell. The lethality of PRMT5 mouse knock-outs and a definite role of PRMT5 in embryonic development further support the nonredundant functions of these enzymes (3, 40, 41) .
Discussion
We have shown that mammalian-expressed and bacterially expressed human PRMT9 have a protein arginine methyltransferase activity, joining PRMT5 as the second type II SDMA-forming enzyme in the mammalian PRMT family. Our previous work had identified the enzyme and its substrate, splicing factor SF3B2, and also provided evidence for a biological role as a modulator of splicing (7) . In this work, FIGURE 8 . Full-length intact enzyme is required for methyltransferase activity. A, amino acid analysis of methylation reactions using GST-tagged PRMT9 truncation mutants with GST-SF3B2 401-550-residue wild type fragment. Approximately 2 g of each wild type and truncated enzyme was used in a 60-l methylation reaction with 5 g of GST-SF3B2 401-550-residue wild type fragment, 0.7 M [methyl-3 H]AdoMet, and methylation reaction buffer of 50 mM HEPES, 10 mM NaCl, 1 mM DTT, pH 8.0, at 37°C for 16.5 h. Acid hydrolysis and amino acid analysis was carried out as described under "Experimental Procedures." B, autoradiography of 3 H-methylated GST-SF3B2 wild type fragment after reaction with wild type or truncation mutant GST-PRMT9 enzymes. Reactions were set up as described in A but were run for only 1 h to prevent possible degradation of the enzymes. Reactions were quenched and run on SDS-PAGE as described under "Experimental Procedures." Dried gels were exposed to film for 3 days at Ϫ80°C and run in experimental triplicates on separate gels, one of which is shown here. Molecular mass positions are indicated from 2 g of unstained SDS-PAGE broad range markers (Bio-Rad, catalog no. 161-0317) electrophoresed in parallel lanes. . Amino acids surrounding the Arg-508 site are important for substrate recognition and methylation. A-F, point mutants were generated on the GST-SF3B2 401-550-residue wild type fragment where amino acids surrounding the Arg-508 methylation site were changed; mutants include K507A/K509A (-FARAY-), K507R/K509R (-FRRRY-), K507R/R508K/K509R (-FRKRY-), K507R/R508K (-FRKKY-), and F506A/Y510A (-AKRKA-). Methylation reactions were set up using mammalian-expressed wild type and catalytic mutant GFP-PRMT9 enzymes (1 g) and GST-SF3B2 wild type or mutant fragments (5 g), along with 0.7 M [methyl-3 H]AdoMet, and methylation reaction buffer of 50 mM HEPES, 10 mM NaCl, 1 mM DTT, pH 8.0 at 37°C for 16.5 h. Acid hydrolysis and amino acid analysis was carried out as described above under "Experimental Procedures." G, autoradiography of 3 H-methylated GST-SF3B2 401-550-residue wild type and mutant fragments (5 g) with GST-PRMT9 wild type enzyme (2 g) after a 16.5-h reaction. Reactions were set up with the same conditions as described in A. Reactions were quenched by addition of SDS-loading buffer, run on gels, and prepared for autoradiography as described under "Experimental Procedures." Dried gels were exposed to film for 3 days at Ϫ80°C and run as experimental duplicates on separate gels, one of which is shown here. Molecular mass positions are indicated from 2 g of unstained SDS-PAGE broad range markers (Bio-Rad, catalog no. 161-l0317) electrophoresed in parallel lanes.
we have biochemically characterized the residues important for the PRMT9/SF3B2 enzyme-substrate interaction.
PRMT9 is an unusual protein arginine methyltransferase, as it has rather strict substrate specificity, an intact protein requirement for methylation, and contains a second methyltransferase domain and an additional acidic residue in its substrate-binding motif similar to human PRMT7. Its known substrate and binding partner in the cell, SF3B2, contains a methylatable sequence WCFKRKYLQ, which is not found in other proteins. Other proteins have similar sequences when -FKRKY-is searched, but no other proteins contain this extended sequence. PRMT9 has little or no activity on common PRMT substrates such as GST-GAR, myelin basic protein, or histones, suggesting an explicit role in splicing. We have shown that PRMT9 does not methylate a peptide with the WCFKRKYLQ sequence from SF3B2, suggesting that the substrate protein must be intact to make the correct contacts with the enzyme. In addition, we have demonstrated that N-and Anti-PRMT5 (Millipore) antibody was used at a 1:1000 dilution to ensure efficient knockdown of PRMT5 in the OHT-treated cells. Anti-SDMA BL8243 and BL8244 were used at 1:500 and 1:200 dilution, respectively, to probe for cellular SDMA levels after PRMT5 knock-out. Anti-MMA (1:2000 dilution) and anti-ADMA D10F7 (1:2000 dilution) antibodies were also used to monitor cellular MMA and ADMA levels in wild type versus PRMT5 knock-out samples. Anti-actin (1:10,000 dilution) antibody was used to ensure equal loading. B, wild type and PRMT5 knock-out MEFs were harvested (40 mg), and the cell pellet was acid-hydrolyzed and run on amino acid analysis as described above under "Experimental Procedures," except no exogenous methylarginine standards were added to the samples. The resulting fractions from the amino acid analysis were derivatized using OPA for fluorescence quantification using reverse phase HPLC as described under "Experimental Procedures." Raw chromatographs show fluorescence at 455 nm, with peaks corresponding to individual fractions from the amino acid analysis that matched the elution of each methylated derivative (wild type, top left, PRMT5 knock-out, bottom left). Area comparison (wild type, top right; PRMT5 knock-out, bottom right) is shown as a quantification of the area under the peak for individual fractions from the amino acid analysis, using the raw data for ADMA (red line) and SDMA (blue line) peaks shown in the left panels and also quantifying MMA (black dotted line) amounts (raw chromatograms for MMA not shown). C, ratios of methylated arginine species/arginine. Quantification of arginine was used as an internal control for loading and easier comparison across sample replicates. To determine total area, the area under the raw chromatograph peaks (shown in B, left and right panels) was summed for each modification (ADMA, SDMA, and MMA) and corrected for dilution factors in preparation of the sample for OPA analysis. Total areas for each methylarginine species were then compared with the sum of the total area under the raw chromatographs for arginine, to give a ratio of modification/arginine. Data were gathered in experimental duplicate shown as the mean, and bars indicate the range of the data.
C-terminal deletions and TPR motif deletions of PRMT9 are inactive, further promoting the idea that the substrate must make correct contacts with both domains of the enzyme to be properly methylated. Structural studies have shown that PRMT1, PRMT3, and PRMT5 and T. brucei PRMT7 form homodimers in solution to methylate their substrates (15, (17) (18) (19) , which may indicate that the second methyltransferase domain of PRMT9 functions to form a pseudodimer upon binding its substrate. Other studies have shown that substrates make important contacts on other parts of the enzyme, as is the case for PRMT1 with certain substrates (17) , which would support our results. It should be noted, however, that PRMT1 and several other PRMTs like PRMT7, are also able to bind and methylate synthetic peptides (6, 8, 17, 39, 42) .
Probing for the substrate residues important for methylation, we find that the position of the methylated arginine to be indispensable, possibly indicating a precise placement in the double E loop when AdoMet is bound (Fig. 6B ). When the residues surrounding Arg-508 site are changed, SDMA is drastically reduced, and the amount of MMA formed is slightly affected. When the two lysines surrounding the target arginine are mutated to arginine, the presence of the extra positive charge in the active site seems to have detrimental effects, compared with when they are mutated to alanine. Furthermore, if the arginine residue is moved, we see almost completely abolished activity. Mutation of aromatic residues Phe-506 and Tyr-510 also seem to only slightly affect activity. This methylated sequence specificity is relatively uncommon, as the majority of PRMTs meth-FIGURE 11. PRMT5 and PRMT9 substrates are nonredundant. A, amino acid analysis of PRMT5 (2.3 g) and human His-tagged MBP (5 g) after a 1-h in vitro methylation reaction, with 0.7 M [methyl-3 H]AdoMet, and methylation reaction buffer of 25 mM Tris, 1 mM DTT, 8% glycerol, pH 8.0, at 37°C in a 60-l reaction volume. Acid hydrolysis and amino acid analysis was carried out as described under "Experimental Procedures." The dotted black line indicates ninhydrin absorbance at 570 nm for the nonradiolabeled methylated amino acid standards. The red line indicates the elution of the radioactive methylated amino acids of the wild type PRMT5 enzyme in reaction with the substrate. The blue line indicates the enzyme only control, to account for any background radioactivity. B, amino acid analysis of PRMT5 (2.3 g) and GST-SF3B2 401-550-residue wild type fragment (5 g) after a 1-h reaction, using same the conditions as described in A. C, amino acid analysis of in vitro methylation reaction of GFP-PRMT9 (wild type and catalytic mutant, 1 g) with human His-tagged MBP (5 g), with 0.7 M [methyl-3 H]AdoMet, and methylation reaction buffer of 50 mM HEPES, 10 mM NaCl, 1 mM DTT, pH 8.0, at 37°C in a 60-l reaction volume. The dotted black line indicates the elution and ninhydrin absorbance at 570 nm for the nonradiolabeled methylated amino acids. The red and blue lines indicate the elution of the radioactive methylated amino acids of the substrate reacted with the wild type or catalytic mutant GFP-PRMT9, respectively. The green and orange lines indicate the wild type or catalytic mutant enzyme only controls. D, amino acid analysis of GFP-PRMT9 (wild type and catalytic mutant, 1 g) with GST-SF3B2 401-550residue wild type fragment (5 g) after a 1-h reaction, using same conditions as described in C.
ylate RG-rich sequence motif (2, 3) , with PRMT7 being the only other PRMT requiring a basic residue-rich environment for methylation (6, 8) .
It is possible that the unique properties of PRMT9 within the PRMT family have been evolved to specifically recognize splicing factor SF3B2. In general, the phylogenetic distribution of PRMT9 and SF3B2 match each other ( Fig. 1 ), although some organisms (higher plants) have the splicing factor but not PRMT9, and some organisms, such as chickens, have PRMT9 but not the splicing factor. It is also very interesting that although PRMT9 is found throughout the chordates, it is not widespread in invertebrates. For example, PRMT9 is clearly present in the sea anemone N. vectensis but is absent in the fruit fly Drosophila melanogaster. It is still unclear whether the C. elegans prmt-3 gene encodes a PRMT9 ortholog. This protein, shown to methylate recombinant human histone H2A to form MMA only (31) , has the conserved aspartate in position 4 of the double E loop but is more divergent than the chordate members of the PRMT9 family. No good orthologs of PRMT9 are found in plants, fungi, and other single cellular organisms. Novel BLAST-based methods have been developed to examine the evolutionary relationship between PRMTs in mammals and across various species, which provides insight into the evolutionary history of PRMTs (30, 43) . Here, the closest relative of PRMT9 is PRMT7, with a close branch off of the PRMT5 outlier (30, 43) . Interestingly, there is a wide evolutionary conservation of SF3B2 and the Arg-508 site across vertebrates, invertebrates, plants, fungi, and some unicellular organisms (Fig. 1, C and D) . This may suggest that higher organisms found a need for regulation of splicing in the cell, and thus PRMT9 evolved or branched off from the rest of the PRMT family and PRMT7 to take on this function. Studies of orthologs of PRMT9 in other organisms would be of great interest, to determine whether the enzyme still has the same activity type, substrate specificity, and role in the cell. In addition, studying the relative distribution of the amounts of SDMA produced by PRMT9 compared with PRMT5 in other organisms would indicate an evolutionary relationship and need for regulation.
Tissue distribution studies show wide expression of PRMT9 in the body, with high protein expression in the testis, kidneys, skin, and hematopoietic and central nervous system (34, 44) . PRMT9 has also been shown to have high expression in certain types of cancer, including lymphoma, melanoma, testicular, and pancreatic cancers (34) . In addition, because of the involvement of SF3B2 in cell cycle progression and potential involvement in HIV hijacking/retroviral activity (14) , it would be important to probe for the role of SF3B2 methylation in relation to viral and disease impact.
Although it does produce symmetrically dimethylated arginine, this enzyme is a minor contributor to the pool of SDMA in mouse embryo fibroblasts, compared with PRMT5 ( Fig. 10) . PRMT5 knock-out MEFs show no detectable SDMA by OPA analysis and greatly reduced SDMA by immunoblot analysis, indicating that PRMT9 SDMA methylation is likely restricted to a few substrates. Our OPA analysis results are consistent with similar studies quantifying relative amounts of these methylated arginine derivatives after the depletion of PRMT1 in cells (29) . Furthermore, our results suggest that PRMT5 and PRMT9 do not appear to have redundant roles in cells, as they do not strongly methylate each other's substrates (Fig. 11 ). Immunoblots of PRMT5 knock-out MEF whole cell lysates with anti-SDMA antibodies show the presence of minor bands, which may indicate the presence of other possible substrates for PRMT9 in the cell. It will be interesting to characterize these possible substrates and identify other potential roles for PRMT9.
